Background: Epidemiological studies have shown that long-term exposure to paracetamol during pregnancy is associated with attention-deficit/hyperactivity disorder (ADHD). The mechanism by which paracetamol may modulate the increased risk of developing ADHD is currently unknown. We have conducted an epigenome-wide association study (n = 384 cord blood samples) and investigated whether prenatal exposure to paracetamol is associated with DNA methylation in children diagnosed with ADHD. Results: Analyses identified significant differences in DNA methylation (n = 6211 CpGs) associated with prenatal exposure to paracetamol for more than 20 days in children diagnosed with ADHD compared to controls. In addition, these samples were differentially methylated compared to samples with ADHD exposed to paracetamol for less than 20 days (n = 2089 CpGs) and not exposed to paracetamol (n = 193 CpGs). Interestingly, several of the top genes ranked according to significance and effect size have been linked to ADHD, neural development, and neurotransmission. Gene ontology analysis revealed enrichment of pathways involved in oxidative stress, neurological processes, and the olfactory sensory system, which have previously been implicated in the etiology of ADHD. Conclusions: These initial findings suggest that in individuals susceptible to ADHD, prenatal long-term exposure to paracetamol is associated with DNA methylation differences compared to controls.
Background
Attention-deficit/hyperactivity disorder (ADHD) is a common childhood disorder defined by inattention, hyperactivity, and impulsivity, which impair normal functioning and development. It is one of the most prevalent psychiatric disorders of childhood affecting approximately 5% of children worldwide, often continuing into adulthood [1] . ADHD is considered to have a strong genetic basis, with heritability estimates up to 70% [2] . Although candidate gene studies have identified genes associated with ADHD [2] , numerous genome-wide association studies (GWAS) [3] [4] [5] [6] [7] [8] [9] and meta-analyses [10] have not found any significant ADHD risk variants [11] .
Several epidemiological studies have shown that exposure to a range of putative environmental risk factors are associated with ADHD, particularly during the prenatal and perinatal period. However, these factors can only be regarded as correlates because, at present, convincing evidence that the associations reflect causal relationships have not been established [12] . ADHD is a complex disorder influenced by the interplay of various genetic and environmental factors. The mechanisms by which the environment mediates ADHD susceptibility is not well understood, but epigenetic changes may be involved [13] [14] [15] [16] [17] .
Recently, five epidemiological studies have revealed a consistent association between long-term exposure to paracetamol (acetaminophen) during pregnancy and ADHD symptoms [18] [19] [20] [21] and adverse neurodevelopment in children [22] . Paracetamol, which is available without prescription, is the most commonly used drug during pregnancy taken by~50% of pregnant woman to treat fever, headache, and other pain conditions [23] . If the association between prenatal paracetamol exposure and neurodevelopmental disorders is causal, the underlying mechanisms remain to be clarified.
In this study, we aimed to assess whether epigenetic differences are associated with prenatal exposure to paracetamol and development of ADHD. To do this, we have conducted an epigenome-wide association study (EWAS) in samples selected from the Norwegian Mother and Child Cohort (MoBa) and investigated whether long-term prenatal exposure to paracetamol was associated with DNA methylation changes in cord blood and clinical ADHD diagnoses recorded in the Norwegian Patient Registry (NPR) from 2008 to 2014.
Results
Neither paracetamol nor ADHD alone is associated with DNA methylation differences
The samples in this study were selected to enable a systematic investigation of the association between DNA methylation and paracetamol exposure in children with and without ADHD (Table 1) . First, we stratified the analyses on paracetamol exposure and ADHD separately to evaluate the associations with DNA methylation. Pairwise analyses of the groups exposed to paracetamol (drug exposure group) or diagnosed with ADHD (ADHD control group) alone compared to control samples revealed no significant differences in DNA methylation (FDR <0.05, data not shown).
Long-term paracetamol exposure is associated with DNA methylation differences in children with ADHD Next, we investigate the synergistic effect of prenatal exposure to paracetamol on DNA methylation differences in children with ADHD. To do this, we stratified the analyses on samples exposed to paracetamol (synergistic effect group, Table 1 ) and controls. Further, we performed comparisons of the synergistic group to the ADHD control group and the drug exposure group to enable interpretation of the associations.
Comparison of the samples exposed to paracetamol with ADHD (synergistic effect group) to each of the other three groups did not identify any differential DNA methylation below the significance threshold (FDR <0.05, data not shown). However, analyses contrasting sporadic and longterm paracetamol use revealed that exposure to paracetamol for ≥20 days was associated with DNA methylation differences in samples with ADHD. These samples showed differential DNA methylation compared to the control group after FDR correction in a large number of CpG sites (n = 6211 CpGs, mean = 0.012, range = −0.28 to 0.20; Fig. 1a , Additional file 1: Table S1 ). The 6211 CpGs were 90% Winsorized in the long-term exposed samples with ADHD to investigate the potential influence of outliers. The results from this analysis showed that a small proportion of the CpGs (n = 697, 11.2%) were driven by outliers.
The long-term exposed samples with ADHD were also differentially methylated compared to exposed samples with ADHD in both the sporadic (n = 2089 CpGs, mean = 0.025, range = −0.13 to 0.17; Fig. 1b , Additional file 2: Table S2 ) and unexposed samples with ADHD (n = 193 CpGs, mean = 0.029, range = −0.11 to 0.17; Fig. 1c , Additional file 3: Table S3 ). There was substantial overlap between the differentially methylated CpGs identified by these three comparisons (Fig. 1d) . Quantilequantile (Q-Q) plots of the observed versus expected p values and corresponding histograms of p values for Figure S1 ). Here, the observed quantiles are consistently higher than their expected values under the null hypothesis of no association between long-term exposure to paracetamol and DNA methylation differences in children with ADHD to each of the three comparisons (lambda ranging from 1.7 to 2.2). We performed surrogate variable analysis (SVA) to detect possible hidden covariates with a global effect on DNA methylation between the groups. No significantly associated surrogate variables were detected after correction for the covariates already included in the statistical model (i.e., cell-type composition using a suitable reference panel based on cord blood, gestational age, maternal age, smoking, and bisulfite conversion). Hence, these results suggest that there are no unmeasured covariates with a strong confounding effect on the significantly associated DNA methylation differences.
We could not detect any effect due to use in different trimesters, but common for the samples in the high paracetamol exposure group was that they were exposed to paracetamol in at least two of the three trimesters, usually across all trimesters.
The majority of the significant CpGs between groups involved very small differences in DNA methylation. To increase the likelihood of biological relevance of the differences in DNA methylation being related to ADHD and paracetamol exposure, we chose to focus the downstream analyses on the CpGs displaying both statistical significance and a large effect size (combined score, see the "Methods" section). Interestingly, top ranked CpGs overlapped genes previously linked to ADHD (SGTB [24] and CADM1 [25] ). In addition, genes involved in neural development (REST [26] , ZNRF1 [27] , RabGEF1 [28] , and CUX1 [29] ), neurotransmission (SYN2 [30] and DDAH1 [31] ; Fig. 1e Group-wise differences in DNA methylation. Scatter plots of DNA methylation differences between a long-term exposed samples with ADHD (n = 19) and controls (n = 96), b long-term exposed samples with ADHD (n = 19) and sporadically exposed samples with ADHD (n = 77), and c long-term exposed samples with ADHD (n = 19) and unexposed samples with ADHD (n = 96). Each point represents a CpG site (n = 390,787), and significant CpGs are marked in red (BH FDR <0.05). d Venn diagram summarizing the overlap of CpGs that were differentially methylated between the three groups. e Example box plots showing the DNA methylation levels at two representative CpGs that were differentially methylated between long-term exposed samples with ADHD and unexposed samples with ADHD CACNG8 [32] ), and peroximal lipid metabolism (PHYH; Fig. 1e (right)) clustered among the top ranked genes, all of which have been implicated in neurodevelopmental disorders. Regional analyses did not identify any significant differential DNA methylation between groups.
Enrichment of pathways involved in oxidative stress and the olfactory system
Gene ontology (GO) analyses of the top 100 significantly differentially methylated genes ranked on the combined score identified enrichment of pathways involved in oxidative stress among the genes showing increased DNA methylation (Additional files 1, 2, and 3: Tables S1-3 ). This enrichment was more prominent among the differentially methylated genes between samples with ADHD, but discordant for paracetamol exposure ( Table 2 ). In addition, receptor-mediated endocytosis, vesicle-mediated transport, and bicarbonate transport pathways, which are involved in the neurotransmission, were enriched. Genes showing decreased DNA methylation were enriched for pathways related to the olfactory system and neurological system processes. The olfactory system and perception of smell were highly and consistently enriched among the top 100 genes identified in all the three comparisons ( Table 2 ).
Discussion
We have studied DNA methylation differences associated with prenatal exposure to paracetamol and ADHD in cord blood samples selected from a large prospective birth cohort. This is the first study to investigate the recent pharmacoepidemiological findings of increased risk of ADHD after long-term prenatal exposure to paracetamol. In the pairwise comparisons of the groups, only the group with long-term exposure to paracetamol and ADHD showed differential DNA methylation. These results indicate a dosage effect of paracetamol on the observed differences in DNA methylation. This is in agreement with the epidemiological link identified in five large recent studies [18] [19] [20] [21] [22] . The same effect has been observed in adult mice where long-term exposure to paracetamol, but not ibuprofen [33] , during neonatal brain development was associated with cognitive functions [34] . Several studies, based on selected candidate genes [13, 14, 16] and two recent EWAS [15, 17] , have revealed an association between DNA methylation differences and ADHD symptoms. No differential DNA methylation associated with ADHD alone was identified in our study. Several factors involving variations in the sample size, criteria underlying the ADHD phenotype, study design, type of tissue, time point, and confounding factors are likely to explain the lack of replication in our study (or between any of the other studies). Most of the studies are based on either peripheral whole-blood or saliva samples from older children. Hence, the associated differences in DNA methylation are likely to also involve different environmental influences during childhood and having tissue-specific roles. The recent EWAS by Walton et al. [17] is perhaps the most comparable to our study in terms of the time point and tissue investigated. Cord blood, which is sampled at the time of birth, reflects prenatal environmental influences on the development of ADHD. However, we did not replicate any of the 13 CpGs reported in this study. A large number of differentially methylated CpGs were identified in this study, particularly between samples with ADHD and long-term exposure to paracetamol and controls (unexposed without ADHD). The majority involved small differences in DNA methylation. Sensitivity analyses showed that outliers in this group influenced a small proportion (11.2%) of the differentially methylated CpGs. It is not possible to differentiate the influence of technical outliers from extreme DNA methylation values reflecting paracetamol dosage-effect (high number of days of exposure) associations. To increase biological relevance, the analyses and interpretation of the results were based on the genes displaying significant and the largest differences in DNA methylation. Several of the top ranked genes have previously been linked to not only ADHD but also neural development and neurotransmission. These are categories involved in the brain development and function and are also enriched among genes genetically associated with ADHD [35] . ADHD is a complex disorder, which involves many genes interacting within multiple pathways, also epigenetically dysregulated genes. Pathways are interconnected, and a defect in one may lead to dysfunction in others, potentially leading to a high number of epigenetically dysregulated genes. The top 100 genes with the largest DNA methylation differences in our study were enriched in pathways involved in oxidative stress, neurological system processes, and the olfactory system. Several studies have detected altered levels of oxidative stress in different tissues in ADHD patients, including the blood [36] , saliva [37] , and serum [38] . This has also been observed in autism spectrum disorders [39] . This could suggest that oxidative stress is a peripheral biomarker of ADHD or that ADHD is a systemic abnormality with consequences in the brain. The brain is particularly susceptible to oxidative stress due to a high level of oxygen utilization and a modest antioxidant defense [40] . Interestingly, oxidative damage and redox imbalance have also been suggested as one of the paracetamol toxicity mechanisms [41] . Further, pathways related to the olfactory system were highly enriched among the genes displaying decreased DNA methylation. The olfactory system is responsible for the detection of smell. Activated olfactory receptors induce a nerve impulse, which is ultimately transmitted to the brain. Deficits in the function of this system are a common feature in several neurodevelopmental disorders, including ADHD [42] . Specifically, increased odor sensitivity has been found in both children [43] and adults [44] with ADHD.
Interestingly, we identified more differentially methylated positions when comparing the long-term exposed samples to sporadic exposed samples than to unexposed samples with ADHD. Whereas this observation is difficult to explain, it could reflect the fact that dose-response relationships are usually not linear. Unfortunately, it is difficult to model and monitor a dose effect and timing during pregnancy due to the way the MoBa questionnaires were designed and completed. Future studies including a larger sample should investigate whether this trend remains.
The results presented in this study should be interpreted in light of several limitations. Although this study is based on one of the largest prospective birth cohorts in the world, the number of samples possessing both clinical ADHD diagnoses and long-term prenatal exposure to paracetamol was relatively small. Hence, the association between paracetamol and ADHD should be replicated in a larger set of samples. We report DNA methylation differences in cord blood samples, and whether these differences also reflect changes in the brain needs to be established. Although the analyses and results were focused on differentially methylated genes with large effect sizes, the effect on gene expression needs to be explored. Heritable impulsive traits are associated with paracetamol use during pregnancy [45] . Future studies should investigate the link found here while controlling for intergenerational transmission of impulsive traits.
There are also several strengths that should be taken into account. We used a clinical diagnosis of ADHD given by specialists obtained through linkage to the NPR. Although registry-based diagnoses of ADHD has been used as outcome in a number of previous Scandinavian studies on ADHD, including the abovementioned Danish birth cohort study of paracetamol use during pregnancy and ADHD [18] , they have not been validated. The study is based on cord blood samples collected at birth, thereby eliminating the confounding of ADHD stimulant drugs, which are known to influence DNA methylation [46] . Moreover, as samples with maternal co-medication were excluded, there was no influence of other psychotropics or analgesics on DNA methylation. In addition, other known confounders were included as covariates. Importantly, correction for cord blood cell-type composition between groups was done based on a suitable cord blood reference data set, which we recently established [47] .
Conclusion
This study identified altered DNA methylation differences at genes involved in oxidative stress, neural transmission, and olfactory sensory pathways associated with long-term exposure to paracetamol during pregnancy in children diagnosed with ADHD. These results suggest that in individuals susceptible to ADHD, prenatal longterm exposure to paracetamol is associated with DNA methylation changes. That is, individuals susceptible to ADHD respond differently compared to controls to longterm paracetamol exposure during development. This is compatible with the epidemiological evidence of the increased risk of developing ADHD with long-term paracetamol exposure. Further, these results lend novel insights into the etiology of ADHD and may serve as disease biomarkers in blood. Future developments should also investigate the functional impact of these DNA methylation differences on neural development in model systems.
Methods

Study population
The samples were obtained from MoBa, which is a large prospective population-based pregnancy cohort study conducted by the Norwegian Institute of Public Health [48] . Participants were recruited from all over Norway between 1999 and 2008. The women consented to participation in 40.6% of the pregnancies. The cohort now includes 114,500 children, 95,200 mothers, and 75,200 fathers. Blood samples were obtained from both parents during pregnancy and from mothers and children (umbilical cord) at birth from approximately 90,000 participants [49, 50] . This study is based on Data Version 8 released by MoBa in 2015. The MoBa cohort was linked to the Medical Birth Registry of Norway (MBRN) and the Norwegian Patient Registry (NPR) using the women's personal 11-digit identification number.
Measures
Prenatal use of paracetamol
Information about paracetamol use (ATC code: N02BE01) was based on three questionnaires (Q1: from conception to gestational week 18, Q3: to gestational week 30, and Q4: to delivery). In order to minimize potential confounding by gestational age, only term children were included in the study (≥37 weeks). Samples with no reported comedication together with paracetamol were selected to be certain that the number of days of use corresponded to paracetamol use. We defined long-term use as use of paracetamol for 20 days or more during pregnancy based on previous studies [18] [19] [20] [21] [22] . Moreover, trimester of paracetamol use was recorded and assessed in sub-analyses.
Measure of ADHD
Information about the children's ADHD diagnoses from 2008 to 2014 was obtained from the NPR. From 2008, all hospitals owned and funded by the government and outpatient clinics report individual-level diagnoses given by specialists according to the 10th revision of the International Classification of Disease (ICD-10). Children registered with an ICD-10 diagnosis of hyperkinetic disorder (HKD) (F90.0, F90.1, F90.8, or F90.9 ) between 2008 and 2013 were identified and defined as having ADHD. HKD requires the combination of inattentive and hyperactive symptoms and thus corresponds to the combined subtype in the Diagnostic and Statistical Manual (DSM) system [51, 52] .
Sampling and study design
The participants included in this study (n = 384) were selected to allow a cohort study design with 96 samples in each of the four categories (Table 1) : (1) unexposed to paracetamol without ADHD (randomly selected control group), (2) exposed to paracetamol without ADHD (drug exposure group), (3) unexposed to paracetamol with ADHD (ADHD control group), and (4) exposed to paracetamol with ADHD (synergistic effect group). Selection criteria for paracetamol exposure and the clinical ADHD diagnose are described above. Potential covariates from MoBa and MBRN included infant sex, gestational age at delivery, maternal age, smoking, and alcohol consumption during pregnancy.
DNA methylation analysis
Microarray preprocessing and quality control Bisulfite conversion of 500-ng cord blood DNA was done using the EZ-96 DNA Methylation-Gold Kit (Zymo Research) according to the manufacturer's instructions. The samples were randomly located on 96-well plates to minimize potential batch effects related to bisulfite conversion. DNA methylation status was assessed using the Infinium HumanMethylation 450 BeadChip (Illumina). All analyses were carried out using the R programming language (http://www.r-project.org/), and the raw data were preprocessed using the approach implemented in RnBeads v.1.2.1 [53] in two steps (before and after normalization). First, cross-reactive probes [54] (n = 29,233), probes with overlapping SNPs in any of the bases in the target sequence (n = 41,930), and probes and samples with unreliable measurements (detection p values >0.01) (n = 11,680 probes and 7 samples) were removed. Background subtraction was performed using noob.methylumi [55] , and β values (ratio of methylated signal divided by the sum of the methylated and unmethylated signal) were normalized using BMIQ [56] . Finally, probes located on the sex chromosomes (n = 9489) and non-CpG probes (n = 2458) were removed, resulting in a final data set consisting of 390,787 probes and 377 samples. Cell-type proportions (CD8 + and CD4 + T-lymphocytes, natural killer cells, B cells, monocytes, and granulocytes) for each sample were estimated using the Houseman reference-based approach [57] and a suitable validated cord blood reference data set (R package FlowSorted.CordBloodNorway.450K), which we have recently established [47] .
Differential DNA methylation analyses
All statistical tests were performed on the M values (log2 of the β values), which are more statistically valid for differential DNA methylation analyses than β values [58] . To identify differentially methylated positions associated with paracetamol and/or ADHD, we fitted a linear regression model using the limma package [59] and the mean DNA methylation differences.
We performed three sets of analyses to explore the relationship between prenatal exposure to paracetamol and DNA methylation differences in children with ADHD (Table 1) . First, we stratified the analyses on paracetamol exposure and ADHD separately to evaluate the associations with DNA methylation. Second, to investigate whether prenatal exposure to paracetamol is associated with differences in DNA methylation in children with ADHD, we compared exposed samples with ADHD (synergistic effect group) to controls. Theoretically, significant associations from this comparison reflect both associations with ADHD and paracetamol. Hence, we also performed comparisons of this group to unexposed samples with ADHD (ADHD control group) as well as exposed samples without ADHD (drug exposure group) for interpretation purposes. Third, we divided the exposed samples with ADHD (synergistic effect group) into sporadic (6-19 days, n = 77 samples) or long-term (≥20 days, n = 19 samples) groups and used similar comparison groups as above. This enabled exploration of the epidemiological evidence that long-term exposure during pregnancy is associated with development of ADHD [18] [19] [20] [21] [22] .
All analyses were conducted on the CpG site and region levels. Regional analysis was performed on predefined genomic regions (5 kb tiles, genes, promoters and CpG islands). Briefly, aggregated p values for each region were obtained by combining the uncorrected p values for each CpG in the region [53] . To adjust for multiple testing, a false discovery rate (FDR) cutoff of less than 5% was used for genome-wide significance by using the method of Benjamini and Hochberg (BH) [60] . Sex, smoking, maternal age, gestational age, estimated celltype composition, BeadChip, and bisulfite conversion plate were included as covariates in the statistical model. Analysis was also done based on a combined score of statistical significance and effect size to increase the biological relevance of the observed differences in DNA methylation as implemented in RnBeads [53] . Briefly, (1) the absolute difference in group means, (2) the quotient in group means, and (3) the p values from the linear model were ranked for all sites. Then, the rank for each of the three measures was aggregated into a combined score. The differentially methylated CpGs and regions were ranked according to this combined score.
Surrogate variable analyses
Surrogate variable analyses were performed to search for unmeasured sources of variation in DNA methylation confounding DNA methylation differences between groups. Specifically, surrogate variables were estimated directly from the DNA methylation data using the sva R package [61] with default parameters and group comparisons as targets.
Gene ontology analysis
Gene ontology (GO) analysis was performed using the GOstats package based on the top 100 differentially methylated genes ranked according to the combined score (effect size). Both over-and under-representation of GO terms were tested with a standard hypergeometric test among genes showing differential DNA methylation.
Additional files
Additional file 1: Table S1 . Significantly methylated CpGs between long-term exposed samples with ADHD and controls. (XLSX 1646 kb) Additional file 2: Table S2 . Significantly methylated CpGs between long-term exposed samples with ADHD and sporadically exposed samples with ADHD. (XLSX 585 kb) Additional file 3: Table S3 . Significantly methylated CpGs between long-term exposed samples with ADHD and unexposed samples with ADHD. (XLSX 101 kb) Additional file 4: Figure S1 . Enrichment of small p values associated with differences in DNA methylation in long-term exposed children with ADHD. Q-Q plots of the observed versus expected p values from the comparisons DNA methylation in cord blood from long-term exposed children with ADHD (synergy group, ≥20 days) to controls (blue, lambda = 2.2), sporadically exposed children with ADHD (red, lambda = 1.8) and unexposed children with ADHD (green, lambda = 1.7). The corresponding histograms of the nominal p values for each of the three comparisons display an enrichment of small p values. (PDF 887 kb) Abbreviations ADHD: Attention-deficit/hyperactivity disorder; BH: Benjamini and Hochberg; DSM: Diagnostic and statistical manual; EWAS: Epigenome-wide association study; FDR: False discovery rate; GO: Gene ontology; GWAS: Genome-wide association study; HKD: Hyperkinetic disorder; ICD-10: 10th revision of the international classification of disease; MBRN: Medical birth registry of Norway; NPR: Norwegian patient registry; SVA: Surrogate variable analysis
Acknowledgements
The Infinium 450K HumanMethylation BeadChips were processed at the Norwegian Microarray Consortium (Oslo University Hospital, Radium). We are grateful to all the participating families in Norway who take part in this on-going MoBa cohort study. 
Availability of data and materials
The data that support the findings in this study are available from the Norwegian Mother and Child Cohort, but restrictions apply to the availability of these data, which were used under license for the current study and so are not publicly available. Data are however available from the authors upon reasonable request and with permission from the Norwegian Mother and Child Cohort.
